Abstract Cerebellar Purkinje cells (PCs) encode afferent information in the rate and temporal structure of their spike trains. Both spontaneous firing in these neurons and its modulation by synaptic inputs depend on Ca 2+ current carried by Ca v 2.1 (P/Q) type channels. Previous studies have described how loss-of-function Ca v 2.1 mutations affect intrinsic excitability and excitatory transmission in PCs. This study examines the effects of the leaner mutation on fast GABAergic transmission and its modulation of spontaneous firing in PCs. The leaner mutation enhances spontaneous synaptic inhibition of PCs, leading to transitory reductions in PC firing rate and increased spike rate variability. Enhanced inhibition is paralleled by an increase in the frequency and amplitude of spontaneous inhibitory postsynaptic currents (sIPSCs) measured under voltage clamp. These differences are abolished by tetrodotoxin, implicating effects of the mutation on spike-induced GABA release. Elevated sIPSC frequency in leaner PCs is not accompanied by increased mean firing rate in molecular layer interneurons, but IPSCs evoked in PCs by direct stimulation of these neurons exhibit larger amplitude, slower decay rate, and a higher burst probability compared to wild-type PCs. Ca 2+ release from internal stores appears to be required for enhanced inhibition since differences in sIPSC frequency and amplitude in leaner and wild-type PCs are abolished by thapsigargin, an ER Ca 2+ pump inhibitor. These findings represent the first account of the functional consequences of a loss-of-function P/Q channel mutation on PC firing properties through altered GABAergic transmission. Gain in synaptic inhibition shown here would compromise the fidelity of information coding in these neurons and may contribute to impaired cerebellar function resulting from loss-of function mutations in the Ca V 2.1 channel gene.
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Introduction
Cerebellar Purkinje cells (PCs) are spontaneously active and encode afferent information through time-dependent synaptic modulation of their intrinsic firing rate. These cells communicate executive commands to various levels of the neural axis and utilize coordination and timing information to refine motor functions [1] . Over 175,000 excitatory and inhibitory synapses relay multimodal afferent signals to each PC, shaping intrinsically generated regular firing of these neurons into a highly structured efferent code [2] [3] [4] . The extensive synaptic modulation of PC firing rate along with the key network position and the complex membrane voltage dynamics of these cells [5] [6] [7] [8] are suggestive of multifaceted integrative mechanisms for information processing. Yet, despite the well-characterized synaptic inputs and intrinsic properties of PCs, it remains unclear how time-related signals and motor coordination commands are represented in the rate and firing pattern of these neurons. The required accuracy of temporal information coding in the output of PCs appears to be high as the cerebellum participates in the control of fine movement [9] [10] [11] . Damage and disorders to this brain region lead to a breakdown in the timing of muscular events with increased temporal variability in motor function and ataxia [12] [13] [14] [15] [16] . Earlier theoretical and experimental studies have discussed the representation of timing information in PC output primarily in relation to excitatory synaptic inputs [17] [18] [19] . More recently, however, the significance of intrinsic pacemaker mechanisms and inhibitory synaptic inputs in determining how temporal information is encoded within the temporal structure of PC spike trains has been recognized [3, 7, 20, 21] . A direct link between cerebellar motor deficits and altered temporal properties of PC spiking has been shown recently in several strains of Ca V 2.1 channel mutant mice [22] [23] [24] . Regarding the effects of these mutations that might contribute to deficits in cerebellar function, recent studies [23, [25] [26] [27] [28] [29] have revealed that P/Q-type calcium channel mutations significantly alter excitatory synaptic inputs and intrinsic excitability of PCs. However, little information is available as to how these mutations affect synaptic inhibition and modulation of PC output by inhibitory inputs.
In the present study, we compared fast GABAergic synaptic currents and their impact on the PC efferent code in cerebellar slices from mice expressing the leaner Ca V 2.1 mutation with age-matched wild-type controls. The leaner mutation leads to a ∼60% reduction of whole cell Ca 2+ currents in dissociated PCs [30] [31] [32] . Given the powerful GABAergic synaptic inputs received by PCs from local interneurons and recurrent PC collaterals [33] [34] [35] [36] [37] and the dominant role of P/Q-type calcium currents in triggering inhibitory neurotransmitter release at inhibitory synaptic inputs [33] [34] [35] [36] [37] [38] [39] , attenuation of the inhibitory drive and GABAergic modulation of PC output was expected. However, we found that inhibitory synaptic drive in leaner PCs is enhanced, leading to pronounced changes in the timing of spontaneous action potentials in these neurons. This anomalous gain in inhibitory synaptic drive would be expected to reduce the fidelity of temporal information encoding in PCs and may contribute to impaired cerebellar function in loss-of-function Ca V 2.1 channel mutant mice.
Methods
Animals and Slice Preparation C57BL/6J wild-type (++/++) and mice heterozygous for the leaner mutation (Os+/+tg la ) with the same background were purchased from Jackson Laboratory (Bar Harbor, ME) and maintained at the Animal Resource Center at Case Western Reserve University. Animals were provided with food and water ad libitum and kept at 22±2°C with a 12/12-h light/dark cycle. Mice that were homozygous for the tg la allele (+tg la /+tg la , referred in this study as leaner) were obtained by brothersister mating of the mixed heterozygotes (Os+/+tg la ) as described previously [40] . Since Os+/Os+ homozygous mice die early in embryogenesis [41] , only mice with Os+/+tg la and tg la +/tg la + genotypes are born. tg la +/tg la + mice were distinguished from their Os+/+tg la littermates based on their normal paw structure and motor disability, which is evident by roughly postnatal day 10 (P10).
Experimental procedures conformed to guidelines approved by the Institutional Animal Care and Use Committee at Case Western Reserve University. Mice (P16-21) were deeply anesthetized with ketamine (150 mg/kg) and killed by decapitation. The cerebellum was rapidly removed and placed in ice-cold bubbled (95% O 2 , 5% CO 2 ) low Na + , low Ca 2+ , high Mg 2+ artificial cerebrospinal fluid (ACSF) with a composition (in mM): 75 sucrose, 85 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 0.5 CaCl 2 , 4 MgCl 2 , 25 glucose. Sagittal slices (300 μm thick) were cut from the cerebellar vermis on a Vibrotome Series 1,000 (St. Louis, MO) in the same medium and then transferred to a solution with the same composition except that sucrose was omitted and the concentration of NaCl was increased to 125 mM, followed by incubation for 30 min at 32°C with continuous bubbling (95% O 2 , 5% CO 2 ). Slices were then transferred to ACSF (mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2 CaCl 2 , 2 MgCl 2 , and 25 glucose, where they were kept at room temperature with continuous bubbling until used.
Electrophysiology Individual slices were transferred to a recording chamber fixed to the stage of an upright microscope (Leica DM-LFSA) where they were superfused with bubbled ACSF at a rate of ∼2-3 ml/min throughout the experiment. Whole cell current-and voltage-clamp and loose seal cell-attached patch recordings were made at 32-34°C from PCs visually identified under IR-DIC based on their location, size, and morphology. Molecular layer interneurons (basket/stellate cells) were identified visually within the cerebellar cortex for cell-attached patch recordings based on their location, distinct morphology (smaller non-polarized soma and multiple primary dendrites), and lower spontaneous firing rate compared to PCs [42] . Interneurons within the innermost one third of the molecular layer (<50 μm from PC layer) were identified as basket cells [42] and were stimulated to elicit IPSCs that were recorded in PCs under voltage clamp (see below).
All current-clamp recordings were made with an Axoclamp 2B (Axon Instruments, Foster City, CA) using patch pipettes filled with a K-methyl sulfate-based internal solution containing (mM): 140 KCH 3 O 3 S, 5 KCl, 5 NaCl, 2 MgATP, 0.01 EGTA, and 10 HEPES, pH 7.3, with a resistance of 3-7 MΩ. Voltage-clamp recordings of spontaneous and evoked IPSCs were made using an Axopatch 200A (Axon Instruments) with symmetrical chloride concentration using a cesium chloride-based internal solution (mM): 150 CsCl, 2 MgCl 2 , 0.01 EGTA, 10 HEPES, 0.4 NaGTP, and 4 NaATP, pH 7.3, supplemented with 10 mM QX-314. During voltage-clamp recording, the broadspectrum ionotropic glutamate receptor antagonist kynurenic acid (5 mM) was added to the extracellular recording solution to block fast excitatory synaptic transmission [43] . Capacitance and series resistance compensation was carried out as described previously [28] . Membrane voltage was not corrected for liquid junction potentials. Miniature IPSCs (mIPSCs) were recorded in the presence of kynurenic acid (5 mM) and TTX (1 μM).
Evoked IPSCs (eIPSCs) were elicited in PCs by direct extracellular stimulation of basket cells. After establishing a stable whole cell recording in a given PC, inhibitory inputs from nearby interneurons from the inner third of the molecular layer, identified as basket neurons, were examined with juxtasomatic stimulation using rectangular current pulses with amplitude 30-50 μA and duration 200 μs generated with a stimulus isolator (A-360, WPI) under computer control. After identifying a synaptically connected basket cell/PC pair, the stimulus intensity was adjusted to elicit eIPSCs whose trial-to-trial variability was insensitive to small changes in stimulus strength. In this case, we concluded that the stimuli consistently elicited presynaptic action potentials, with trial-to-trial variability in the measured eIPSCs arising from stochastic properties of release, not AP generation (e.g. see [44] ). Monosynaptic IPSCs evoked by single-pulse stimulation were identified based on their short and stable synaptic delay (<4 ms) and insensitivity to small changes in stimulus intensity. Multicomponent eIPSCs were defined as eIPSCs in which the first IPSC peak was followed by one or more peaks with inter-event intervals (IEIs) ≤12 ms. This interval was chosen in an effort to characterize secondary and higher order IPSCs that appeared to be correlated with the initial peak. However, this analysis may include some uncorrelated spontaneous events, particularly in cases where the spontaneous IPSC rate is high, and exclude some correlated events with especially large IEIs.
The cell-attached patch recording configuration was established by positioning the patch pipette in close proximity to the neuronal (PC, basket cell, stellate cell) soma followed by application of slight negative pressure to the electrode, which facilitated loose seal formation (<50 MΩ). For these recordings, patch pipettes were filled with external solution, except when comparing PC firing under cell-attached and whole cell conditions where pipettes contained internal solution (see Electronic Supplementary Material (ESM) Fig. 1 ).
Data Acquisition and Analysis Analog signals were filtered at 5 kHz, digitized at 10-20 kHz and analyzed off-line using a software written in IgorPro (Wavemetrics, Lake Oswego, OR). Spikes were detected based on a threshold crossing routine, with spike times defined based on the time at which membrane voltage reached a maximum between successive threshold crossings. Inter-spike intervals (ISI) were calculated as the difference between successive spike times. Mean spike frequency (F) was defined as the number of spikes per second. The ISI coefficient of variation (CV) was defined as the ratio of the standard deviation to the mean of the tabulated ISIs.
To detect spontaneous synaptic currents recorded under voltage clamp, a method was used that is illustrated in ESM Fig. 2 . Raw currents (ESM Fig. 2a) were smoothed (×20, binomial filter), digitally differentiated, and inverted (ESM Fig. 2b) . The times at which the inverted derivative exceeded a threshold of 2.5 times the standard deviation of the same quantity measured between synaptic events were then determined; these times corresponded to the rising phase of individual spontaneous IPSCs (sIPSCs). This approach made it possible to detect the vast majority of events that could be identified visually as synaptic currents (ESM Fig. 2a , b) and could be blocked by picrotoxin (see "Results"). After identifying synaptic events, IPSC peaks were located where the current reached a maximum following the threshold crossing of the first derivative. The first current minimum preceding the peak was used to define the pre-IPSC trough, and IPSC amplitude was calculated as the difference between the current peak and trough. IPSC frequency statistics were determined with the same methods used for spike frequency analysis (see above). Inter-event interval distributions were constructed as shown in ESM Fig. 2d . IPSC bursts expected to have an especially pronounced effect on PC spike timing were operationally defined as sequences of three or more IPSCs in which consecutive peaks were spaced by ≤12 ms.
Data are reported as mean ± SE and statistical significance is assessed using paired or unpaired Student's t test, with P<0.05 defining a significant difference.
Chemicals and Drugs All chemicals and drugs were obtained from Sigma (St. Louis, MO).
Results

Spontaneous Synaptic Inhibition Transiently Reduces Firing Frequency and Increases Spike Rate Variability in Leaner PCs
Previous studies have shown that cerebellar PCs are spontaneously active and that the rate of firing is modulated by fast excitatory and inhibitory synaptic inputs [3] . Given the role of P/Q type Ca 2+ channels in regulating intrinsic firing and synaptic inputs to these cells, loss-of-function mutations in P/Q Ca 2+ channels could potentially affect both processes. Walter et al. [23] showed that the leaner mutation increases the temporal variability of intrinsic spike firing in PCs, quantified based on the CV of ISI. These measurements were made after blocking fast excitatory and inhibitory synaptic transmission, representing effects of the mutation on intrinsic spike rate variability. To investigate the impact of the mutation on extrinsic contributions to spike rate variability arising from spontaneous synaptic inputs, we compared firing in leaner and wild-type (WT) PCs in the absence of synaptic transmission blockers. Given that WT and leaner PCs show more than one pattern of spontaneous activity [45] [46] [47] , for simplicity, we restrict analysis here to tonically firing cells.
Figure 1 (top) shows representative recordings of firing in WT (panel a) and leaner (panel b) PCs in the absence of synaptic transmission blockers. The main difference we observed under these conditions is that leaner PCs have a lower firing rate (F) and higher coefficient of variability of interspike intervals (CV) than WT cells: (WT: F=41.4± 3.2 Hz; CV=0.08±0.01, n=19; leaner: F=26.3±2.6 Hz; CV=0.35±0.06, n=16). The differences in F and CV between leaner and WT PCs were both significant (P<0.05, unpaired t test). These differences are reflected in the broader and more skewed ISI distributions and less periodic autocorrelograms in leaner compared to WT PCs (see panels a and b, middle and bottom). Distinct hyperpolarizing events during prolonged interspike intervals in leaner PCs (panel b, asterisks) suggest the involvement of inhibitory synaptic transmission. To test this, the effect of picrotoxin (200 μM) on spontaneous firing in leaner and WT PCs was examined and compared ( Fig. 1c, d ). The combined effect of picrotoxin and kynurenic acid (5 mM) on spontaneous firing was also compared between the two cell groups; since no difference was found between the effects of picrotoxin alone and the effects of picrotoxin and kynurenic acid applied together (results not shown), measurements made under the two pharmacological conditions were pooled. Blockade of inhibitory synaptic transmission significantly reduced CV in leaner PCs to 0.19 ± 0.03 (n = 12) compared to the same parameter measured prior to drug application (P<0.03, paired t test). Following blockade of inhibitory synaptic transmission, CV in leaner PCs more closely resembled that measured under the same conditions in WT cells (CV=0.08±0.01, N=13), but was still significantly different from WT (P<0.05). These observations indicate that in addition to the previously described effect of the leaner mutation on intrinsic spike rate variability in PCs, there is a stronger extrinsic contribution to variability that is sensitive to picrotoxin, presumably reflecting changes in the spontaneous inhibitory synaptic inputs received by PCs.
Comparison of Spontaneous IPSCs in WT and Leaner PCs
To investigate the basis of enhanced inhibitory modulation of spontaneous firing in leaner PCs, we compared sIPSCs in PCs under voltage clamp. sIPSCs were defined as synaptic currents observed in the presence of kynurenic acid (5 mM). Inhibitory synaptic currents were recorded using symmetrical chloride concentrations at a holding potential of −75 mV, where Cl − currents are inward ( Fig. 2a, b ; see "Methods"). The average amplitude of sIPSCs varied linearly with holding potential and reversed near the chloride equilibrium potential (Fig. 2a, b) , consistent with the expected properties of current carried by GABA-sensitive Cl − channels. Blockade of inhibitory synaptic transmission with picrotoxin (200 μM, WT: n =5, leaner: n =6; Fig. 2c, d ) or bicuculline (20 μM, leaner: n = 4, not shown) greatly reduced spontaneous synaptic activity in both PC groups (Fig. 2c, d , compare upper and lower traces). In contrast, blockade of excitatory transmission with kynurenic acid alone had little or no effect on either the mean amplitude or frequency of spontaneous synaptic currents in WT or leaner PCs (results not shown). Analysis of sIPSCs in the presence of kynurenic acid indicates that sIPSCs occur at higher frequency in leaner PCs (leaner, 50.3 ± 7.0 Hz, n =6; WT, 28.6 ± 4.7 Hz, n =6, P < 0.05, unpaired t test) and have larger amplitude (leaner, 107.6 ± 13.8 pA, n= 6; WT, 42.6 ± 7.0 pA, n =6, P < 0.05, unpaired t test) compared to WT controls. Figure 2e , f compares normalized distributions of sIPSC amplitude from the same WT and leaner cells illustrated in panels c and d. Figure 2g , h compares IEI distributions in the two cell types, illustrating the finding that IEI distributions can be approximated by single exponential functions. We also characterized sIPSC bursts, defined as sequences of three or more consecutive unitary IPSCs separated by <12 ms (see "Methods"). sIPSC bursts were investigated because they would be expected to have especially pronounced effects on PC firing rate compared to unitary sIPSCs. In addition, the properties of sIPSC bursts can be used to address whether they are a cause, or consequence, of the overall increase in sIPSC frequency observed in leaner PCs (see "Discussion").
Two examples of such bursts from the recordings in Fig. 2d (see 1 and 2) are illustrated on an expanded scale in Fig. 2f (see inset). We found that burst frequency is higher in leaner PCs (2.6 ±0.8 Hz, n =6) than in WT cells (0.5 ± 0.2 Hz, n =6, P < 0.05, unpaired t test). On average, sIPSC bursts consisted of a comparable number of unitary events in WT and mutant PCs (WT, 4.3 ± 0.1; leaner, 4.5± 0.2). Effects of the leaner mutation on sIPSC frequency, mean amplitude, and burst frequency are summarized in Fig. 2i . These results demonstrate that compared to WT PCs, leaner PCs receive stronger spontaneous inhibitory synaptic input, characterized by higher mean frequency and amplitude of sIPSCs, along with an increased probability of sIPSC bursts.
TTX Abolishes Differences Between sIPSCs in Leaner and WT PCs
To investigate the basis for enhanced synaptic inhibition in leaner PCs, it was asked whether enhanced inhibition is due to an increase in the number of inhibitory synaptic inputs and/or the postsynaptic sensitivity to these inputs. For this purpose, we compared mIPSCs in WT and leaner PCs in the presence of kynurenic acid (5 mM) and TTX (1 μM). TTX treatment reduced the frequency of spontaneous inhibitory synaptic currents in both WT and leaner PCs (Fig. 3, Fig. 3e ).
The similarity between mIPSC frequency in leaner and WT PCs is consistent with the idea that neither the number of inhibitory inputs to PCs nor the mechanism of spontaneous GABA release is modified by the leaner mutation. Furthermore, the similarity in mIPSC amplitude, which provides a rough estimate of quantal size in the two cell populations, is consistent with unchanged postsynaptic sensitivity at GABAergic synapses. These results suggest that the higher frequency and amplitude of sIPSC observed in leaner compared to wild-type PCs results specifically from changes in presynaptic, spikeinduced, GABA release. Moreover, given the close similarity between mIPSC and sIPSC amplitudes in WT PCs, in contrast to the large difference between the corresponding quantities in leaner PCs (Fig. 3e, central  panel) , it would appear that the leaner mutation promotes multivesicular release at inhibitory neuron-PC synapses. Notably, TTX also eliminated IPSC bursts in both cell populations (Fig. 3e, right panel) , arguing that sIPSC bursts depend on the generation of presynaptic action potentials.
Differences in Firing Rate of Presynaptic Gabaergic Neurons Does Not Account for Enhanced Synaptic Inhibition in Leaner PCs
A potential source of increased TTX-sensitive inhibitory synaptic drive in leaner PCs is an increase in the frequency of spontaneously generated action potentials in GABAergic neurons innervating PCs. Purkinje cells receive monosynaptic inhibitory input from interneurons of the molecular layer (basket and stellate cells) and from nearby PCs. Therefore, spontaneous firing activity of these cells was investigated using noninvasive somatic cell-attached patch recording techniques (see also ESM Fig. 1 ). Note that in most of these experiments, we did not rigorously distinguish between basket and stellate cells and, unless noted otherwise, simply refer to molecular layer interneurons. Figure 4 shows representative interneuronal (panels a-c, putative basket cell) and PC (panels d-f) firing activity from WT and leaner slices under cell-attached recording conditions, along with electrophysiological confirmation of each cell type based on evoked spiking under whole cell current clamp (Fig. 4a, d, bottom) . Unlike PCs, which fire at a steady rate during a weak suprathreshold depolarizing current injection, interneurons under the same conditions show spike frequency adaptation (Fig. 4a, d ) [36] . While no differences in average firing rate between WT and leaner interneurons was found (WT: F=18.7±2. (Fig. 4b, c, middle, bottom) . CV appears to be increased in leaner interneurons due to prolonged spike-free gaps (Fig. 4c, top) , reminiscent of those seen in leaner PCs under whole cell conditions, which are rarely encountered in WT cells (Fig. 4b, top) .
In a similar way, activity was compared in WT and leaner PCs under cell-attached recording conditions (Fig. 4e, f) . Confirming observations made under whole cell current-clamp conditions (Fig. 1) , cell-attached recordings indicate that leaner PCs fire at lower rate with higher ISI variability than WT PCs. The differences in frequency and CV between WT and leaner PCs under cell-attached conditions were significant (WT: F = 37.1 ± 3.1 Hz; CV = 0.10 ± 0.07, n = 24; leaner: F = 20.1 ± 3.2 Hz; CV=0.37±0.02, n=13, P<0.05, unpaired t test). These results argue that the increase in sIPSC frequency found in leaner PCs is not due to a higher average spontaneous firing rate in presynaptic inhibitory neurons and point to enhanced action potential-induced transmitter release at synapses conveying inhibitory input to mutant PCs.
Analysis of IPSCs Evoked by Direct Basket Cell Stimulation
To test for changes in the strength of spike-induced inhibitory synaptic transmission in leaner PCs, we compared IPSCs in WT and leaner PCs evoked by direct basket cell stimulation (see "Methods", Fig. 5a ). It was found that eIPSCs in leaner PCs have larger amplitude compared to WT cells (leaner, 546.9±78.3 pA; WT, 311.0±50.4 pA, P<0.05) and a slower decay time constant (leaner, 4.5± 0.4 ms, n=7; WT, 2.9±0.4 ms, n=7, P<0.05; see Fig. 5e ). We also found that in leaner, a larger fraction of eIPSCs consisted of multiple components (leaner, 16.2±3.9%; WT, 4.7±2.2%, P<0.05, unpaired t test) without a difference in the average number of events comprising the multicomponent IPSCs (leaner, 2.5; WT, 2.3); examples of such multicomponent eIPSCs from five consecutive stimuli in a leaner PC are shown in Fig. 5d . These observations point to enhanced action potential-evoked GABA release at leaner basket cell-PC synapses, along with an increased probability of asynchronous IPSC bursts.
Enhanced Inhibition in Leaner PCs Requires Ca 2+ Loading by Internal Stores
Previous studies have shown that Ca 2+ release from presynaptic calcium stores contributes to evoked neurotransmitter release at synapses between inhibitory interneurons and PCs [48] [49] [50] ; for reviews, see [50, 51] . Ca 2+ release triggered by voltage-sensitive Ca 2+ entry during a presynaptic action potential would be expected to modify the presynaptic [Ca 2+ ] transient, thereby influencing the rate and ultimate quantity of neurotransmitter release. Under certain conditions, this could include the generation of multiple asynchronous release events that together elicit a postsynaptic IPSC burst. As a first step toward determining if such a mechanism contributes to enhanced inhibitory synaptic drive in leaner PCs, we compared sIPSCs in the two cell groups after a 10-to 15-min pretreatment with the sarco/endoplasmic reticulum Ca 2+ ATPase (SERCA) inhibitor thapsigargin (Fig. 6 ) using a concentration (10 μM) like that employed in previous cerebellar slice studies [52, 53] . With this concentration and exposure time, thapsigargin effectively and irreversibly blocks SERCA pumps, leading to the depletion of ER stores through a background Ca 2+ leak [54, 55] . We found that thapsigargin reduced both sIPSC frequency and amplitude in leaner PCs (Fig. 6b, d ), without significantly altering these parameters in WT cells (Fig. 6a, c) . Moreover, after treatment with thapsigargin, WT and leaner PCs were no longer distinguishable in terms of these parameters (frequency: wild type, 27.3±4.5 Hz; leaner, 32.2±4.5 Hz, P>0.05, unpaired t test; amplitude: wild type, 39.6±6.5 pA; leaner, 52.3±5.0 pA, P>0.05, unpaired t test, n = 6, 10 for wild type and leaner, respectively; Fig. 6c-e) . Thapsigargin also reduced the frequency of sIPSC bursts in leaner PCs without detectably changing the corresponding parameter in WT cells (Fig. 6e) . These results indicate that increases in sIPSC frequency and amplitude that contribute to increased inhibitory drive in leaner PCs are sensitive to thapsigargin. This raises the possibility that changes in Ca 2+ release from thapsigargin-sensitive presynaptic Ca 2+ stores play an important role in amplifying spike-evoked GABA release from molecular layer interneurons that mediate synaptic inhibition in leaner PCs. Fig. 4 Comparison between cell-attached recordings of spontaneous activity in WT and leaner basket and Purkinje neurons. a IR-DIC image of a basket neuron (white arrowhead) with adjacent PC in a WT cerebellar slice. ML molecular layer, PCL Purkinje cell layer, GCL granular cell layer. Recording below shows evoked firing under whole cell current-clamp conditions, illustrating spike frequency adaptation during depolarizing current pulse. b, c Representative cell-attached patch recordings of spontaneous activity in wild-type and leaner basket neurons, with ISI histograms and autocorrelograms below. Mean firing frequency in leaner molecular layer interneurons is similar to WT cells, but ISI variability is more pronounced as indicated by the broader ISI distribution and less defined autocorrelogram peaks, indicative of increased spike rate variability. d IR-DIC image of PC (top, white arrowhead) with recording of evoked firing activity under whole cell current-clamp (bottom). Unlike basket neurons, PCs respond to steady weak depolarizing current injection with sustained repetitive firing without spike frequency adaptation. e, f Representative cell-attached recordings of spontaneous activity from wild-type and leaner PCs with corresponding ISI histograms and autocorrelograms (below). Note higher discharge rate of PCs compared to basket neurons in both WT (compare b and e) and leaner (compare c and e) mice. Also note that cell-attached recordings from WT and leaner PCs confirm differences in firing rate and ISI variability observed during whole cell recordings (see Fig. 1 and ESM Fig. 1) 
Discussion
Summary of Main Results
This study demonstrates that the leaner P/Q Ca 2+ channel mutation causes a pronounced enhancement in inhibitory synaptic drive in cerebellar Purkinje neurons. This leads to a modification of PC firing properties, most notably transitory depressions in firing rate and increased spike rate variability. Indications of enhanced inhibition include increases in both the frequency and amplitude of sIPSCs measured under voltage clamp and in the frequency of sIPSC bursts. Enhanced spontaneous synaptic inhibitory input in leaner PCs specifically reflects changes in TTXsensitive (spike-triggered) IPSCs without detectable modifications of mIPSCs either in terms of their mean frequency or amplitude, pointing to changes in both the frequency and amplitude of synaptic currents triggered by spontaneous action potentials in presynaptic GABAergic neurons. Differences in mean firing rate in molecular layer interneurons in WT and leaner mice were not observed, but significant increases were found in the amplitude and decay time constant of evoked IPSCs, as well as in the proportion of evoked responses that consist of more than one distinguishable synaptic current. Taken together, these results suggest that the leaner mutation influences the mechanism by which presynaptic action potentials trigger GABA release. Initial experiments indicate that depletion of thapsigargin-sensitive Ca 2+ stores, previously reported to influence evoked presynaptic [Ca 2+ ] i elevations in GABAergic interneurons, eliminates the observed differences between sIPSC in leaner and WT PCs. This raises the possibility that the leaner mutation perturbs presynaptic Ca 2+ handling in inhibitory interneurons in a way that overcompensates for reduced voltage-sensitive Ca 2+ entry at axonal terminals, ultimately leading to enhanced GABA release (see below).
Loss-of-Function P/Q Channel Mutations and Their Effect on Inhibitory Synaptic Transmission in the Cerebellar Cortex
The leaner mutation is caused by a mutation in the Cacna1a gene which encodes the pore-forming subunit of P/Q-type Ca 2+ channels [6, 14] . This leads to the expression of channels with altered intracellular C-terminal sequences [32] (see also [56] ) and a ∼60% reduction in whole cell (somatic) Ca 2+ current in cerebellar PCs [30] [31] [32] . While the functional impact of this and other loss-of-function Ca V 2.1 mouse mutations (e.g., rocker, tottering, and rolling Nagoya) on intrinsic excitability [23, 25, 28] and excitatory synaptic inputs to PCs [26, 27] has been investigated, little information has been available regarding their effects on inhibitory synaptic transmission in these neurons. With emerging evidence for a causal link between abnormal firing in PCs and cerebellar ataxia in Ca V 2.1 mutant mice [22, 23] and the key role played by GABAergic inputs in shaping PC output [3, 21] , there is a strong rationale for the analysis of inhibitory synaptic modulation of PC activity and its sensitivity to P/Q channel mutations. The Leaner Mutation Disrupts the Efferent Code in Cerebellar Purkinje Neurons
We found that with inhibitory synaptic transmission enabled, action potential generation in leaner Purkinje neurons is punctuated by long interspike intervals, leading to transitory reductions in firing rate and an overall increase in spike rate variability. Since synaptic modulation of the spontaneous firing rate of these neurons is thought to be important for information processing in the cerebellar cortex (see [57] and references therein), such an increase in firing rate variability would be expected to disrupt cerebellar function. Previous work has shown that even in the absence of synaptic transmission, tonic firing in PCs from loss-of-function P/Q channel mutant mice is less regular than in WT animals, a difference that can be attributed to a reduced calcium entry through P/Q-type Ca 2+ channels [23] . This finding identifies an intrinsic property of PCs that influences spike rate variability and is sensitive to loss-of function P/Q channel mutations. Our results identify another, extrinsic, property involving spontaneous inhibitory synaptic transmission that influences spike rate variability and is influenced by P/Q channel mutations. While the results demonstrate that this component of variability requires GABAergic transmission, it may also be influenced by changes in intrinsic properties of PCs [28] that modify the impact of inhibitory synaptic transmission on membrane potential dynamics in PCs. Thus, both intrinsic and extrinsic mechanisms must be considered when investigating the effects of P/Q channel mutations on PC firing properties and more generally in other neurons comprising neuronal circuits where these channels play a role.
sIPSC Bursts and Their Role in Disrupting the Temporal Pattern of PC Firing
Pauses in tonic firing seen in leaner PCs were often accompanied by multiple inhibitory postsynaptic potentials (IPSPs; Fig. 1b ). Since the sIPSCs that cause such pauses would be most effective in perturbing PC firing rate when they occur in clusters, we measured the frequency of sIPSC bursts, operationally defined as sequences of three or more IPSCs in which consecutive events are separated by no more than 12 ms. It was found that the frequency of such sIPSC bursts was higher in leaner PCs (2.6 Hz) than in WT cells (0.5 Hz). In considering what might be responsible for this increase, the finding that thapsigargin reduced burst frequency in leaner PCs, while having little or no effect in WT cells, raised the possibility that the leaner mutation specifically influences a thapsigargin-sensitive mechanism that generates sIPSC bursts. However, thapsigargin also reduced the mean sIPSC frequency in leaner PCs, questioning whether the higher burst frequency observed in leaner PCs is a specific functional consequence of the leaner mutation or simply results from an elevation in sIPSC frequency. The finding that the distribution of intervals between consecutive sIPSCs is approximately exponential in both cell types (Fig. 2g, h) is consistent with the idea that sIPSC timing in each cell population is controlled by a homogeneous Poisson process, but with different rates (R WT , R le ). For such processes, it is possible to calculate the probability P Burst (R) that events cluster together in a way that satisfies our definition of a burst:
Re
ÀRt dt where the first term in brackets within the sum describes the probability of a sequence of (n − 1) consecutive inter-event intervals ≤12 ms, the second term is the probability of an Fig. 2i, right) . Thus, the increase in sIPSC frequency observed in leaner PCs can largely account for the observed increase in burst frequency, directing attention to mechanisms by which the mutation might influence the underlying event frequency.
Potential Mechanisms for Augmented GABAergic Transmission in Leaner PCs
Enhanced inhibitory neurotransmission resulting from a loss-of-function Ca V 2.1 mutation is surprising given that P/Q-type Ca 2+ channels carry a large fraction of the presynaptic Ca 2+ entry that triggers GABA release from inhibitory interneurons in the cerebellar cortex [38, 39] . However, recent studies suggest several factors that could contribute to this unanticipated result. For example, PC inhibitory inputs may be tolerant to Ca V 2.1 channel dysfunction due to a high Ca 2+ sensitivity of the vesicular fusion complex at PC inhibitory inputs [58] . Notably, neurotransmission at the only inhibitory synapses (onto thalamic neurons) investigated to date in Ca V 2.1 mutants is also preserved despite the fact that P/Q-type Ca 2+ channels mediate a significant fraction of the presynaptic Ca 2+ entry at these synapses [59] . Partial compensation for reduced Ca 2+ entry through P/Q-type channels by increased N-type Ca 2+ current, previously described at central synapses in Ca V 2.1 mutants [29, 60, 61] , could also reduce the impact of the leaner mutation on GABAergic synaptic drive in PCs. Finally, previous work suggests that leaner Purkinje neurons have weaker cytoplasmic Ca 2+ buffering [62, 63] ] i elevations, particularly given that the level of Ca 2+ buffering directly regulates PC inhibitory inputs [64] .
It is clear that none of the effects described above, alone, can easily account for enhanced synaptic inhibition, specifically involving spike-induced GABA release. Here, the observed effects of thapsigargin suggest a testable hypothesis. Thapsigargin reduced mean sIPSC frequency and amplitude in leaner PCs, but had little or no effect on these parameters in WT cells, implicating Ca 2+ uptake and/ or release from internal stores in the enhancement of GABA release from leaner inhibitory interneurons; it also argues against nonspecific effects of thapsigargin, e.g., on voltage-gated Ca 2+ channels [65] , as causes of the observed effects in leaner PCs since such effects would be expected to alter sIPSC properties in wild-type PCs as well. Previous reports have shown that Ca 2+ release from presynaptic internal stores influences inhibitory transmission in wildtype Purkinje neurons [48, 66] . Together with ryanodine receptor expression in cerebellar GABAergic synapses [66] and presynaptic specializations with multiple GABA release sites [67] , reduced Ca 2+ buffering could potentially increase the likelihood of regenerative Ca 2+ release in response to action potential-induced Ca 2+ entry at inhibitory presynaptic terminals, leading to enhanced GABA release (Fig. 7) Could this hypothesis account for the observations described in this study? If the leaner mutation reduced the strength of presynaptic Ca 2+ buffering to the point where action potential-evoked Ca 2+ entry and release together produce even larger presynaptic [Ca 2+ ] i elevations than in wild-type terminals, an expected consequence would be enhanced GABA release, leading to eIPSCs with larger mean amplitude (Fig. 5e, left) . We observed ∼76% larger eIPSCs in leaner compared to wild-type PCs; the proportionally larger increase in mean sIPSC amplitude (153%, Fig. 2i , center) possibly reflects contributions from multiple, nearly simultaneous inputs that are not distinguished by the algorithm we used to detect spontaneous synaptic currents. Weaker presynaptic Ca 2+ buffering that favors regenerative CICR could promote asynchronous release from single or multiple release sites and increase the probability that presynaptic action potentials trigger multicomponent IPSCs (Fig. 5d , e, middle), which in the absence of a change in mean firing rate of inhibitory neurons would elevate sIPSC frequency (Fig. 2i, left) . We observed an approximately threefold increase in the probability (P Multicomp ) of multicomponent eIPSCs from 0.05 (WT) to 0.16 (leaner), with a mean number (N) of events per multicomponent eIPSC of ∼2.4 which was not significantly different in two mouse strains.
Can the higher P Multicomp seen in leaner mice account for the observed increase in sIPSC frequency? Given that interevent sIPSC interval distributions are approximately exponential, this question can be restated as follows: Can the increase in multicomponent IPSC probability in leaner PCs account quantitatively for the higher sIPCS frequency observed in these cells, with the same underlying event rate for the two cell populations? To answer this question, the following equations were solved for the mean event rates in WT and leaner mice (F WT , F le ): How might the leaner mutation increase this rate? We found that the distribution of interspike intervals in leaner molecular layer interneurons was broader than in wild-type neurons, with an increased probability of both large and small interspike intervals but little or no change in the mean. While the increased probability of small intervals would be expected to occasionally raise sIPSC frequency, the results would not predict an increase in mean sIPSC frequency in PCs. The observed increase in mean sIPSC amplitude could be relevant since it would cause a greater proportion of events to surpass a given threshold used for event detection. In any case, reduced presynaptic Ca 2+ buffering is only one possible mechanism, and other changes may play a role, such as increased Ca 2+ sensitivity of the GABA release machinery as well as altered membrane excitability that promotes action potential invasion beyond axonal branch points, which has been proposed to explain enhanced inhibition in Kv1.1 null mice [69] .
Implications for Local Information Processing and Cerebellar Function
The mechanism by which the cerebellar cortex conveys time-varying information to the deep nuclei is likely to require precision of spike timing in individual PCs and in the temporal relationship between firing in different PCs. There is ample evidence indicating behaviorinduced changes in PC synchronization and spiking [70] [71] [72] that are regulated by local inhibitory networks [3, 73, 74] . The present study shows that GABAergic synaptic drive and properties of IPSCs in leaner PCs are profoundly altered, resulting in an increase in spike rate variability in these cells. In addition to elevating the level of noise in the PC output, increased variability in the rate of tonic firing in PCs would be expected to increase the trial-to-trial variability of PC responses to repeated presentation of afferent stimuli, diminishing the information encoding/processing capabilities of these neurons [75] . Direct experimental evidence supporting this notion has been presented based on studies of P/Q channel mutant tottering mice where an enhanced level of noise in PC spiking leads to the disruption of cerebellar sensorimotor processing and severe oculomotor deficits [22] . Overall, a significant increase in the GABAergic drive in leaner PCs described here would be expected to interfere with temporal coding of sensory information by these cells and communication with downstream targets involved in motor control. The enhanced spontaneous inhibitory input to leaner PCs shown here would shift the synaptic balance toward greater inhibition, potentially disrupting synaptic plasticity and long-term motor adaptation in PCs [20, 76] . While detailed in vivo analysis will be needed to understand how amplified GABAergic inputs affect cerebellar network dynamics and PC function in situ, the experimental data described here complement earlier studies [23, 27, 28] and contribute to a more complete in vitro electrophysiological account of PC intrinsic properties and synaptic functions in Ca V 2.1 channel mutant leaner mice.
